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Abstract
Invasion of the central nervous system (CNS) by microorganisms is a severe and frequently fatal 
event during the course of many infectious diseases. It may lead to deafness, blindness, cerebral 
palsy, hydrocephalus, cognitive impairment or permanent neurological dysfunction in survivors. 
Pathogens can cross the blood-brain barrier by transcellular migration, paracellular migration 
and in infected macrophages. Pathogens may breach the blood-brain barrier and be recognized 
by antigen-presenting cells through the binding of Toll-like receptors. This induces the activation 
of nuclear factor kappa B or mitogen-activated protein kinase pathways and subsequently induces 
OHXNRF\WH LQÀOWUDWLRQ DQG SUROLIHUDWLRQ DQG WKH H[SUHVVLRQ RI QXPHURXV SURWHLQV LQYROYHG LQ
LQÁDPPDWLRQDQGWKHLPPXQHUHVSRQVH0DQ\EUDLQFHOOVFDQSURGXFHF\WRNLQHVFKHPRNLQHV
DQG RWKHU SURLQÁDPPDWRU\PROHFXOHV LQ UHVSRQVH WR EDFWHULD VWLPXOL DV D FRQVHTXHQFH
SRO\PRUSKRQXFOHDUFHOOVDUHDWWUDFWHGDQGDFWLYDWHGDQGUHOHDVHODUJHDPRXQWVRIVXSHUR[LGH
DQLRQDQGQLWULFR[LGHOHDGLQJWRSHUR[\QLWULWHIRUPDWLRQDQGR[LGDWLYHVWUHVV7KLVFDVFDGHOHDGVWR 
OLSLG SHUR[LGDWLRQPLWRFKRQGULDO GDPDJH DQG EORRGEUDLQ EDUULHU EUHDNGRZQ FRQWULEXWLQJ 
to cellular injury during neuronal infection. Current evidence suggests that bacterial CNS infections 
FDQSOD\DUROHLQWKHHWLRSDWKRJHQHVLVRIEHKDYLRUDOGLVRUGHUVE\LQFUHDVLQJSURLQÁDPPDWRU\
cytokines and bacterial virulence factors. The aim of this review is to summarize the current 
knowledge of the relevant pathophysiologic steps in CNS infections. 
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Introduction 
Bacterial infection of the central nervous system (CNS) is a 
life-threatening condition with a high rate of mortality. Even 
with protective barriers, pathogens can reach the CNS.1 The 
replication of these microorganisms within the CNS occurs in 






been increasingly recognized as playing a central role in 
neurological morbidity and mortality. CNS infections may 
present clinically as meningitis, meningoencephalitis and, 
more rarely, myelitis. 
Cognitive outcomes after bacterial meningitis include 
impairment of memory, decreased psychomotor performance 
DQGLPSDLUPHQWRIDWWHQWLRQH[HFXWLYHIXQFWLRQV6 In neona-
tal meningitis, the main pathogens are Streptococcus agalac-
tiae and Escherichia coli K1, which together are responsible 
for at least two thirds of all meningitis deaths in Europe. 
Listeria monocytogenes, also causes meningitis, usually in 
immunocompromised individuals and in pregnant women.10 
E. coli.LQIHFWLRQLQFOXGHVFRJQLWLYHLQYROYHPHQWLQ
of patients.11 The main bacterial agents causing meningitis 
in young children and adults are Streptococcus pneumoniae 
and Neisseria meningitidis, with the former being responsible 
IRUWZRWKLUGVRIFDVHVLQ(XURSHDQGWKH8QLWHG6WDWHV 
Pneumococcal meningitis leads to cognitive impairment in 
WRRIVXUYLYLQJSDWLHQWV2LQFOXGLQJOHDUQLQJGLIÀFXO-
WLHV FRJQLWLYH VORZQHVV VKRUWWHUPPHPRU\ GHÀFLWV DQG
poor academic performance. The aim of this review is to 
summarize the current knowledge of the relevant pathophysi-
ologic steps of CNS infections: (a) bacterial crossing through 
WKHEORRGEUDLQEDUULHU EEDFWHULDO VXUYLYDO DQGJURZWK
ZLWKLQWKH&16FEDFWHULDOLQGXFWLRQRI&16LQÁDPPDWLRQ
and (d) the role of bacterial infection in the development of 
behavioral disorders. 
Microbial traversal of the blood-brain barrier 
The CNS is protected by a bony skull, the leptomeninges, the 
blood-brain barrier (BBB) and the blood-cerebrospinal 
ÁXLGEDUULHU1 The BBB is composed of brain microvascular 
endothelial cells, astrocytes and pericytes. It maintains 
WKH QHXUDOPLFURHQYLURQPHQW E\ UHJXODWLQJ WKH IOX[ RI
molecules into and out of the brain, and protects the brain 
IURPPLFURRUJDQLVPVDQGWR[LQVWKDWFRPHIURPWKHEORRG3 
Pathogens can cross the BBB by transcellular migration, para- 
cellular migration and by “hitch-hiking” inside infected 
PDFURSKDJHV8VLQJWUDQVFHOOXODUPLJUDWLRQSDWKRJHQVFDQ
cross the BBB without any evidence of intercellular tight-
junction disruption or detection of microorganisms between 
endothelial cells.16 S. agalactiae, S. pneumoniae, E. coli 
and N. meningitidis reach the CNS through this mechanism3 
()LJXUe 1a). The paracellular traversal mechanism involves 
the penetration of the pathogen between barrier cells, with 
or without evidence of tight-junction disruption. Borrelia sp 
and Treponema pallidum cross the BBB through this mecha-
QLVP)LJXUHE2WKHUSDWKRJHQVFDQFURVVWKH%%%LQVLGH
infected macrophages. L. monocytogenes enters host cells 
during internalization of phagosomal vacuoles, and produces 
phospholipase C and the pore-forming cytolysin listeriolysin O 
to escape the phagosome and replicate within the host cyto-
sol. Mycobacterium tuberculosis also crosses the BBB while 
residing in the phagosomes of macrophages)LJXUHF
Mechanisms of innate immunity in the CNS 
The innate immune response represents the first line 
of defense against invading microorganisms. Bacterial 
compounds such as peptidoglycans, cell wall fragments, 
lipopolysaccharides and lipoteichoic acid, collectively known 
Figure 10HFKDQLVPVRIPLFURELDOWUDYHUVDORIWKHEORRGEUDLQEDUULHUD7UDQVFHOOXODUWUDYHUVDOE3DUDFHOOXODUWUDYHUVDODQG 
c. the “Trojan horse” mechanism.
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DVSDWKRJHQDVVRFLDWHGPROHFXODUSDWWHUQV3$03VDUHKLJKO\
LPPXQRJHQLFDQGHOLFLWVWURQJLQÁDPPDWRU\UHVSRQVHVLQWKH
host. These compounds are recognized by antigen-presenting 
cells through binding to pattern recognition receptors (PRRs), 
including the Toll-like receptors (TLRs). Eleven members of 
the TLR family have been described to date in humans. TLRs 
DUH HLWKHU H[SUHVVHG DW WKH FHOO VXUIDFH IRU H[WUDFHOOXODU
ligand recognition or localized to endosomal compartments 




their signal through a common intracellular adapter protein 
NQRZQDVP\HORLGGLIIHUHQWLDWLRQIDFWRU0\'200\'
is associated with Interleukin-1 (IL-1) and receptor-associated 
NLQDVH,5$.ZKLFKLVDVHULQHWKUHRQLQHNLQDVHWKDW
plays an essential role in signal transduction by Toll/IL-1 
receptors (TIRs).21 Subsequently, IRAK interacts with the tu-
PRUQHFURVLVIDFWRU71)UHFHSWRUDVVRFLDWHGIDFWRU75$)
IDPLO\SURYLGLQJDOLQNWR1)ŧ%LQGXFLQJNLQDVHUHVXOWLQJ
LQ WKH QXFOHDU WUDQVORFDWLRQ RI 1)ŧ%22 1)ŧ% FRPSULVHV
a closely associated family of transcription factors, which 
SOD\DNH\UROHLQWKHH[SUHVVLRQRIJHQHVLPSOLFDWHGLQWKH
development of accessory cell and lymphocyte populations.23 
1)ŧ% LV DOVR D WUDQVFULSWLRQDO DFWLYDWRU RI YDULRXV JHQHV
involved in neuronal pathogenesis and in the production of 
cytokines and chemokines. ,/şSURGXFWLRQUHTXLUHVD




in pneumococcal infection, respectively, mediate cleavage 
RISUR,/şLQWRPDWXUH,/ş26 NLRP3 has been implicated 
in responses to the following bacteria: Staphylococcus au-
reus, L. monocytogenes, Klebsiella pneumoniae and E. coli. 
7KXVZKHQEDFWHULDUHDFKWKH&163$03VDUHUHFRJQL]HGE\









concentration gradients. Leukocytes work to eliminate the 
invading pathogen through a rapid and robust production 
RIUHDFWLYHR[\JHQVSHFLHV5267KH\UHOHDVHKLJKDPRXQWVRI 
VXSHUR[LGH DQLRQ 22 DQG QLWULF R[LGH 12 JHQHUDWLQJ
SHUR[\QLWULWH 2122 7KH UHVXOWLQJ R[LGDWLYH VWUHVV 
leads to activation of cytokines, enhancing leukocyte activa-
WLRQOLSLGSHUR[LGDWLRQPLWRFKRQGULDOGDPDJHDQGPHWDO-
loproteinase activation. In humans with meningococcal 
PHQLQJLWLV71)ŞOHYHOV LQWKHVHUXPDUHFRUUHODWHGZLWK
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fatal outcomes.3171)ŞLVUHOHDVHGLQWRVHUXPEHIRUH,/ 
in meningococcal septic shock. High serum levels of 
IL-6 are also associated with unfavorable outcomes. In ad-
GLWLRQ ,/ZDVH[FOXVLYHO\GHWHFWHG LQSDWLHQWVZKRDOVR




LQYHUVHO\FRUUHODWHGZLWK71)Ş,/DQG,/33 Patients with 
SQHXPRFRFFDOPHQLQJLWLVDOVRH[KLELWDFHUHEUDOSURGXFWLRQ
RI71)Ş,/şDQG,/ 
Neuronal damage in the context of bacterial 
infection of the CNS 
Brain injury and neuronal death are not mediated simply by 
the presence of a viable pathogen, but they also occur as a 
consequence of the host’s reaction to bacterial compounds. 
Bacterial cell wall compounds, mainly polysaccharide cap-
sules, are most likely the most important virulence factor. 
%DFWHULDOFHOOZDOOFRPSRXQGVWULJJHUDKRVWLQÁDPPDWRU\
response from leukocytes and activate the tumor suppressor 
SURWHLQ S DQG WKH DWD[LD WHODQJLHFWDVLDPXWDWHG $70
kinase, triggering caspase dependent-apoptosis.36 The pres-
ence of the capsule also prevents the binding of iC3b (a 
FRPSOHPHQW IDFWRU WKDW VWLPXODWHV SKDJRF\WRVLV DQG )F
(which stimulates receptor-mediated phagocytose) to the 
bacterial cell surface, affecting antiphagocytic activity. 
Pathogens such as S. pneumoniae, N. meningitidis, E. coli 
K1 and +LQÁXHQ]DH use this pathogenic mechanism. 
The virulence of other bacteria is based on the produc-
tion of enzymes such as coagulase, proteolytic enzymes, 
hyaluronidase, neuraminidase and catalase. Hemolysin 
and cytolysin from Streptococcus have the ability to cause 
LQÁDPPDWRU\DFWLYDWLRQDQGWKHVHVDPHHQ]\PHVSURGXFHG
by S. agalactiae LQGXFH FKHPRNLQHV DQG ,&$0 LQ EUDLQ
microvascular endothelium cells.36 Teichoic acids present in 
*UDPEDFWHULDFDQLQGXFH71)ŞDQG12SURGXFWLRQDVZHOO
DVWKHH[SUHVVLRQRI,&$0([RWR[LQVDUHDOVRSURGXFHG
by some bacteria as part of their growth and metabolism,
ZKLOHHQGRWR[LQVDUHSDUWRIWKHH[WHUQDOSRUWLRQRI*UDP
(-) bacteria. S. pneumoniae bacterial compounds like pep-
tidoglycans and lipoteichoic acids are recognized in the CNS 
by TLR2.7KHH[RWR[LQSQHXPRO\VLQLVUHFRJQL]HGE\7/522 
DQGEDFWHULDO'1$LVUHFRJQL]HGE\7/5ZKLFKLVDQLQWUD-
FHOOXODU353DFWLYDWHGE\&S* Pneumolysin and H2O2 are 
produced and released by pneumococcus, causing neuronal 
cell death through mitochondrial damage. This damage 
OHDGVWRWKHUHOHDVHRIDSRSWRVLVLQGXFLQJIDFWRU$,)LQWR
WKHF\WRVRO$,)LQGXFHVDSRSWRVLVE\DFDVSDVHLQGHSHQGHQW
pathway. When pneumococcal cell wall compounds are 
released, they activate the host immune response and a 
ODUJHQXPEHURISRO\PRUSKRQXFOHDUFHOOVDUHDWWUDFWHGS
DQG$70FRQYHUJHRQPLWRFKRQGULDWRLQLWLDWHWKHUHOHDVHRI
cytocrome-c, which is necessary to form the apoptosome 
$SDIDQGDFWLYDWHFDVSDVHUHVXOWLQJ LQDFWLYDWLRQRI
caspase-3 and caspase-dependent apoptosis.36 S. agalactiae 
produces lipoteichoic acid that is through to activate TLR2, 
ZKLOH7/5 DQGRU7/5 LQWHUDFWZLWKPLFURELDO 51$2 In 




pathogen. It can escape quickly from the phagosomes of 
macrophages (or other cell types) and it reproduces rapidly 
in the cytosol.7KLVPLFURRUJDQLVPDOVRH[SUHVVHVWKHWR[LQ
listeriolysin O, which is responsible for forming pores in the 
cell and causing lymphocyte apoptosis. E. coli produces the 
HQGRWR[LQOLSRSRO\VDFFKDULGHZKLFKLVUHFRJQL]HGE\7/5 
)XUWKHUPRUHE. coli damages the microvascular endothelial 
cells that constitute the BBB in the human brain. Another 




proteins, allowing the pathogen to avoid activation of the 
alternate complement pathway evade phagocytosis. 
7KH0SURWHLQKDVDOVREHHQLPSOLFDWHGLQWKHLQWHUQDOL]D-
tion process, which involves cytoskeletal rearrangements. 
It is possible that these proteins provide an intraepithelial 
refuge for the organism, sheltered from phagocytes and 
humoral antibodies. Another intracellular bacterium, 
Mycobacterium tuberculosis, infects the CNS and causes 
different manifestations of disease, like meningitis, space-
occupying lesions in the brain parenchyma, and focal disease 
of the spinal cord and its osseous structures. In previous 
studies of S. agalactiae meningitisR[LGDWLYHGDPDJHZDV
elevated and enzymatic defense was decreased. 71)Ş
,/ş ,/ DQG F\WRNLQHLQGXFHG QHXWURSKLO FKHPRDWWUDF-
WDQW&,1&OHYHOVZHUHLQFUHDVHGLQWKHÀUVWKRXUVDIWHU
neonatal meningitis induction, prior to BBB breakdown in the 
KLSSRFDPSXVDQGFRUWH[ In infant rats with pneumococ-
FDOPHQLQJLWLVWKHSHDNRISURLQÁDPPDWRU\F\WRNLQHDQG
chemokine production was also associated with a disrup-
tion of the BBB.6071)ŞDQG&,1&OHYHOVZHUHLQFUHDVHG
in the blood from jugular veins in comparison with arterial 
EORRG LQ WKH ÀUVW KRXUV DIWHU SQHXPRFRFFDOPHQLQJLWLV 
induction, indicating their production in the CNS.610RUHRYHU
animals that survived bacterial meningitis showed impair-
ments of memory and learning, depressive-like-behavior and 
DQ[LHW\OLNHV\PSWRPV 
Behavioral disorders 
Neuronal infection causes intense an inflammatory host 
LPPXQHUHVSRQVH LW LVSRWHQWLDOO\IDWDODQGFRQWULEXWHVWR
neurological symptoms.1 There are several studies describing 
DSUREDEOHUROHRIF\WRNLQHVDQGR[LGDWLYHVWUHVVLQEHKDYLRUDO
disorders. Epidemiological research over the last twenty 
years has indicated that the risk for schizophrenia is enhanced 
LQRIIVSULQJH[SRVHGWRYLUDORUEDFWHULDOLQIHFWLRQVLQXWHUR
possibly by a disruption in the programmed maturation of the 
brain in prenatal and early neonatal life. This association 
EHWZHHQSUHQDWDO H[SRVXUH WR EDFWHULDO LQIHFWLRQ DQG ULVN 
RI VFKL]RSKUHQLD ZDV HYDOXDWHG IRU H[DPSOH LQ WKH
Copenhagen Perinatal Cohort, which showed that prenatal 
H[SRVXUH WR EDFWHULDO LQIHFWLRQV LQ SUHJQDQWZRPHQZHUH
correlated with an increased risk of schizophrenia in their 
offspring. It has been proposed that this association might 
be mediated through transplacental passage of maternally 
produced cytokines in response to these bacterial infec-
tions. Individuals with meningitis during childhood had a 
IROG LQFUHDVHG ULVN IRU VFKL]RSKUHQLD DQG D IROG
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increased risk for psychosis in adulthood when compared 
to their siblings without childhood meningitis. The im-
mune system may signal the CNS through the action of 
cytokines, which have also been implicated in the develop-
PHQW RI VFKL]RSKUHQLD )RU LQVWDQFH ,/ş LV FDSDEOH RI
inducing the differentiation of mesencephalic progenitor 
cells into dopaminergic neurons. IL-6 is highly effec-
tive in decreasing the survival of fetal brain serotonergic 
neurons and is increased in patients with schizophrenia. 
7KHUHZDVDVLJQLÀFDQWDVVRFLDWLRQEHWZHHQPDWHUQDO,/
levels during the second trimester of pregnancy and the 
risk of schizophrenia in the offspring. Cytokines in the 
CNS are also implicated to depressive disorders. Animals 
subjected to pneumococcal meningitis and sepsis models 
had increased levels of pro-inflammatory cytokines in 
parallel with depressive-like behavior. Interestingly, 
treatment with imipramine reversed these depressive-like 
V\PSWRPVDQGGHFUHDVHG71)ŞOHYHOVLQWKHFRUWH[GD\V
after pneumococcal meningitis induction. Impairment 
of learning and memory has also been demonstrated in 
bacterial meningitis in a neonatal animal model. Neonatal 
Wistar rats subjected to S. agalactiae meningitis showed 
aversive memory impairment in adulthood and a decrease 
RI WKH EUDLQGHULYHG QHXURWURSKLF IDFWRU %'1) OHYHOV LQ
WKHKLSSRFDPSXVDQGFRUWH[)XUWKHUPRUHWKHGHFUHDVHG
%'1)OHYHOVLQWKHKLSSRFDPSXVZHUHFRUUHODWHGZLWKPHPRU\ 
impairment in adult animals subjected to pneumococ-
cal meningitis in the neonatal period. Other neuronal 
disorders are also related to bacterial infection. Obsessive-
FRPSXOVLYH GLVRUGHU RU ´WLFµ GLVRUGHUV DUH H[DPSOHV RI
pediatric neuropsychiatric disorders that have been associ-
ated with autoimmune disease secondary to S. pyogenes, 
D JURXS$ şKHPRO\WLF VWUHSWRFRFFDO LQIHFWLRQ The 
involvement of the host immune response is suggested by 
TXDQWLWDWLYH FKDQJHV LQ FLUFXODWLQJ OHYHOV RI71)Ş ,/ş
and IL-6 levels in these patients. Pathogenic mechanisms 
include antibodies targeting the streptococcal epitope 
*OF1$F FURVVUHDFWLQJZLWK QHXURQDOPROHFXOHV OLNH WXEX-
lin, lysoganglioside and dopamine receptors. Cytokines 
have an important role in the pathophysiology of brain 
infections, and they are implicated in a variety of common 
diseases that have been associated with production of cyto-




cytes, and bacterial virulence factors may help to establish 
more effective therapeutic strategies for CNS infections and, 
WKHUHIRUHDEHWWHURXWFRPHIRUDIIHFWHGVXEMHFWV0RUHRYHU
these diseases highlight the role of the immune system in the 
pathophysiology of psychiatric disorders, which represents 
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